Reliable chronologies are essential for understanding the timing and routes of human dispersal through Southeast Asia, both of which remain open questions. This study provides luminescence chronologies for two archaeological sites in Myanmar-Badahlin Cave and Gu Myaung Cave-from which Palaeolithic artefacts have been recovered. We applied single-grain post-infrared infrared stimulated luminescence (pIRIR) and multigrain infrared-radiofluorescence (IR-RF) dating methods to potassium-rich feldspar (K-feldspar) grains extracted from the sedimentary deposits at these two sites. Luminescence characteristics of the K-feldspar extracts showed that the procedures were well suited for dating. The single-grain pIRIR ages suggest human occupation of Badahlin and Gu Myaung Caves by ~30 ka and ~25 ka, respectively, although the age estimates for Gu Myaung Cave are much older than the radiocarbon ages. The ages obtained using the IR-RF signal are even older, which we attribute to insufficient bleaching of this signal-and perhaps also the pIRIR signal-and the probable existence of a substantial residual dose at the time of sediment deposition. extracted from the sedimentary deposits at these two sites. Luminescence characteristics of the K-feldspar 21 extracts showed that the procedures were well suited for dating. The single-grain pIRIR ages suggest human 22 occupation of Badahlin and Gu Myaung Caves by 30 ka and 25 ka, respectively, although the age estimates 23
Introduction 29
Badahlin and Gu Myaung Caves both lie at the foot of the Shan Plateau, which stretches eastward from central 30
Myanmar into northern Thailand (Fig. 1) . Badahlin Cave was first excavated in 1969 (Aung Thaw, 1971), when 31 stone artefacts and animal bones were recovered. Radiocarbon ( 14 C) dating indicated a maximum age for the 32 cultural materials of 13,400 years BP (Aung-Thwin, 2001 ). In 2013, we conducted a 2.5 m-deep excavation at 33
Badahlin Cave 2, which is separate from the site of Badahlin Cave 1 where the earlier excavations were 34 undertaken. We also conducted a 4 m-deep excavation at Gu Myaung Cave, which had not previously been 35 excavated, and collected three charcoal samples that gave 14 C ages ranging from 3 to 15 ka cal BP (Table S3) . 36 In this study, individual grains of K-feldspar were dated using a two-step single-grain pIRIR procedure (Blegen 135 et al., 2015) . In this procedure (Table S1 ), the initial IR stimulation is performed at 200°C for 100 s using light-136 emitting diodes to stimulate all grains simultaneously; the pIRIR dating signals from individual grains are then 137 measured at 275°C using a focused IR laser beam for stimulation. A preheat of 320°C for 60 s was applied to 138 the natural, regenerative and test doses; we used a test dose 40% of the size of the expected natural dose. 139
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Figure 2. Section drawings of excavated sections at Badahlin Cave (A) and Gu Myaung Cave (B), showing pIRIR ages (red), IR-RF ages (IRSAR, orange) and
These parameters were chosen on the basis of dose recovery tests (Galbraith et al., 1999), as described below. 140
To eliminate grains with luminescence properties unsuitable for the pIRIR procedure, we applied standard 141 single-grain rejection criteria, following Blegen et al. (2015) . Grains were rejected if: 1) the test dose signal 142 measured during the natural dose cycle (T n ) was within 3 of the background count; 2) the relative error on T n 143 exceeded 20%; 3) the 'recycling ratio' (i.e., the ratio between the sensitivity-corrected signals for a duplicate 144 regenerative dose) was inconsistent with unity at 2; 4) the extent of 'recuperation' (i.e., the ratio between 145 the sensitivity-corrected zero dose and natural dose signals) was greater than 5%; 5) the natural signal was 146 equal to or higher than the saturation level of the dose response curve (DRC); and 6) the DRC could not be (Trautmann et al., 1998 (Trautmann et al., , 1999a Erfurt and Krbetschek's procedure-hereafter referred to as IRSAR-has four steps: 1) measure the natural IR-159 RF signal; 2) perform a prolonged solar bleach to reset the IR-RF signal; 3) wait for the superposed 160 phosphorescence signal to decay; and 4) irradiate and measure the regenerated IR-RF signal (Table S1 ). All 161 measurements made using the IRSAR procedure were carried out at room temperature. The modified IR-RF 162 procedure of Frouin et al. (2017) -hereafter referred to as RF 70 -has a similar structure as the IRSAR 163 procedure, but samples are measured and irradiated at an elevated temperature (70°C). To reach this 164 temperature on the Lexsyg system, discs are required to be held at 70°C for 2 min before making IR-RF 165 measurements. For both procedures, we adopted the solar bleach settings of Frouin et al. (2015) , which are 166 listed in the footnote to Table S1 . 167
The D e value for each aliquot was obtained by sliding the regenerated IR-RF signal on to the natural IR-RF signal 168 horizontally and vertically to minimise the residuals using the R function analyse_IRSAR.RF() in the R 169 'Luminescence' package (Kreutzer et al., 2017) . 170 171
Results 172
Environmental dose rates 173
The total dose rates for all samples are summarised in Table 1 , with the details given in Table S2 . The total 174 dose rates for samples from Badahlin Cave range from 2.4 to 3.9 Gy/ka, with much lower dose rates for theprimarily to the greater amount of low-radioactivity carbonate in the latter samples. This is reflected in the U 180 and Th concentrations measured by field gamma spectrometry, which differ significantly between the two 181 sites: 5 µg/g U and 7 µg/g Th at Badahlin Cave, compared to 0.4 µg/g U and 3.3 µg/g Th at Gu Myaung 182
Cave. 183
Single-grain pIRIR 184
A representative single-grain pIRIR decay curve and the corresponding DRC for an accepted K-feldspar grain 185 from sample BDL2-OSL 2 are shown in Fig. S1 . We conducted single-grain dose recovery tests on 3-5 discs of 186 one sample from each site (BDL2-OSL 2 and GUMY-OSL 3) to validate the pIRIR experimental conditions used 187 here for dating. Grains were bleached for 4 hr under the solar simulator to empty them of their natural doses, 188
and then given a beta dose (as a surrogate natural dose) of 236 Gy or 30 Gy, respectively, before being 189 measured using the pIRIR procedure in Table S1 . The respective weighted-mean dose recovery ratios (i.e., the 190 ratio of measured dose to given dose) are 1.06 ± 0.04 and 0.97 ± 0.07, with dose overdispersion (OD) values of 191 27 ± 3% and 31 ± 6% (Fig. S2) . To examine the anomalous fading rate of the pIRIR signal, we extending to >300 Gy that could be interpreted as evidence of partial bleaching. This dataset is by far the 233 largest of any of our samples, so such grains (which represent fewer than 10% of the total number) could also 234 be present in the other samples, but are less conspicuous due to their low abundance. However, while the 235 180-212 m D e distribution of BDL2-OSL 3 contains a few grains with D e values >100 Gy, it does not exhibit the 236 same pattern of spread as observed for the 90-125 m fraction and the weighted-mean ages for these two 237 grain-size fractions are statistically indistinguishable (Table 1) . This suggests that, even if some of the grains 238 had been partially bleached, the net effect is not significant. 239
Based on these observations and interpretations, we calculated the D e values for our samples using the central 240 age model (CAM), which gives an estimate of the weighted geometric mean (Galbraith et al., 1999; Galbraith 241 and Roberts, 2012). The final ages for the three samples from Badahlin Cave are in stratigraphic order and 242 range from 30 ± 2 ka to 66 ± 5 ka, while both samples from Gu Myaung Cave are 26 ka (Table 1) . 3 Age uncertainties are expressed at 1σ and include a 2% systematic error to allow for possible bias associated with calibration of the laboratory beta sources.
Multi-grain IR-RF 249
Before determining D e values using the IRSAR IR-RF procedure, we conducted several tests to determine the 250 most appropriate measurement conditions. Previous studies have suggested that prolonged solar bleaching 251 (step 2 in Table S1 ) is required to reset the IR-RF signal (e.g., 3 hr: Frouin et al., 2015 Frouin et al., , 2017 . For our samples, 252 however, we found that solar simulator bleaches of >1 hr did not cause a further increase in the IR-RF signal-253 that is, the IR-RF source traps were fully emptied by a solar simulator bleach of 1 hr (Fig. 4, left panel) -so we 254 used a solar bleach time of 1 hr in this study. We also performed a pause duration test to determine the 255 minimum delay time needed to eliminate phosphorescence before measuring the regenerated IR-RF signal 256 (step 3 in Table S1 ). We found that, similar to Buylaert et al. (2012a) , the phosphorescence signals of our 257 samples are very weak compared to the IR-RF signal (Fig. S4) , and we could not distinguish between the 258 regenerated IR-RF signals measured after pauses of 15-60 min (Fig. 4, right panel) . We concluded, therefore, 259 that the effects of phosphorescence on the IR-RF signals of our samples were negligible after a pause time of 260 15 min, which we adopted to save machine time. We caution, however, that these settings are sample-and 261 instrument-specific, and may not be appropriate for samples from other sites. 1.31 ± 0.13, respectively. These results suggest that the given dose can be recovered with sufficient accuracy 277 using the experimental conditions in our IRSAR procedure (Table S1) (Table 1) ; two examples are shown in Fig. 5 . The cause(s) of these differences are under investigation, 292 including tests of the suitability of the RF 70 measurement conditions for our samples. 293
We estimated the IR-RF ages from the weighted-mean (CAM) D e values for 2-5 aliquots of each sample, 294 without making any allowance for a residual dose (Table 1 ). The calculated ages for the Badahlin Cave samples 295 range from 44 ± 10 ka to 90 ± 6 ka (IRSAR) and from 54 ± 5 ka to 89 ± 8 ka (RF 70 ). The Gu Myaung Cave samples 296 yielded IRSAR ages of 54 ka and, for GUMY-OSL 3, a RF 70 age of 60 ± 19 ka. These ages are much older than 297 the pIRIR and 14 C chronologies, which is likely due to insufficient bleaching of the IR-RF signal. Subtraction of an 298 appropriate residual dose would likely reduce these age discrepancies considerably, and we are in the process 299 of assessing its likely size for these samples. 300 301
Discussion 302
In this preliminary study of K-feldspar grains from two archaeological sites in central Myanmar, we have shown 303 that the single-grain pIRIR procedure is suitable for dating, with acceptable results from dose recovery tests 304 and no evidence for fading of the pIRIR signal over laboratory timescales. There is potential, therefore, to 305 extend the applicability of pIRIR dating to other Palaeolithic sites in mainland Southeast Asia. 306
A comparison with independent ( 14 C) age control at Gu Myaung Cave has revealed, however, that both pIRIR 307 ages (26 ka) significantly overestimate the 14 C ages (10 and 15 ka cal BP; Table S3 ) obtained for charcoal 308 fragments collected from stratigraphic layers between and below these two sediment samples (Fig. 2b) . 309
Further evidence is required to validate which, if either, of these two chronologies is the more reliable. Our 310 residual dose test of K-feldspar grains from Badahlin and Gu Myaung Caves suggests that the pIRIR signal can 311 be (nearly) fully reset by solar bleaching in the laboratory, but this does imply that the sediments were, in fact, 312 exposed to sufficient sunlight when deposited at these sites. On the other hand, the pIRIR D e distribution 313 patterns provide no support for heterogeneous bleaching (Fig. 3) , so the causes of the age discrepancy at Gu 314 Myaung Cave remain elusive and are currently under investigation. 315
Duller (1994) proposed two types of poorly bleached sediments in nature: 1) sediments containing a mixture 316 of grains that have experienced differing degrees of bleaching-some grains being completely bleached atequally poorly bleached at deposition. If the discrepant pIRIR and 14 C ages at Gu Myaung Cave are due to 319 insufficient bleaching of the pIRIR signal, then these samples may represent the second type of sediment, 320 which could yield symmetric D e distributions. We note, however, that this type of sediment is expected to be 321 rare in natural environments (Wallinga, 2002) . 322
In the case of Gu Myaung Cave, we consider it unlikely that all of the grains were poorly bleached, since the 323 sediment samples were collected from an excavation located close to the cave entrance. To obtain further 324 insights into the bleaching history of the sediments and whether the residual doses measured in the laboratory 325 are representative of the sediments when deposited in the cave, we will conduct residual dose tests and 326 examine the D e distributions of recently deposited samples from the upper part of the stratigraphy. The 327 reliability of the 14 C ages also warrants further investigation, and comparisons with chronologies constructed 328 from complementary techniques (e.g., U-series dating of suitable flowstones) would be instructive. 329
The IR-RF ages obtained in this study consistently overestimate their pIRIR counterparts by 8-36 ka (Table 1) other variations to readout temperature, and processing of younger samples from both sites to obtain an 337 improved estimate of the residual dose at deposition. 338
If our pIRIR ages for Badahlin Cave are accurate, then human occupation started at least 30 ka ago (Fig.2a) . 339
The underlying, culturally sterile deposits dated to 53 ka and 66 ka might be interpreted as evidence that 340 people had not arrived in this region by 53 ka, but we consider such inferences as premature given the many 341 Table S1 . D e measurement procedures used in this study.
Supplementary data
Step 
Radiocarbon dating
Three unidentified charcoal samples were submitted for 14 C dating to the Oxford Radiocarbon Accelerator Unit. The samples underwent microscopic investigation and visual inclusions were removed using clean tweezers.
Between 20 and 30 mg of charcoal underwent the new AOx-SC protocol (Douka et al., in preparation), identified with the YR code at ORAU. The AOx-SC protocol is a modification of the ABOx-SC procedure (Bird et al., 1999; Brock et al., 2010) , which is harsher on samples, resulting in a much higher failure rate and a need for larger sample sizes. Samples were given an initial wash with 6 M HCl acid for 1 hr at room temperature, followed by oxidisation in H 2 SO 4 /K 2 Cr 2 O 7 (2 M/0.1 M) at 60°C in a sealed tube for 20 hr. The charcoal was washed three times with ultrapure water between each treatment. Unlike the ABOx-SC procedure, the AOx-SC protocol does not include a NaOH step.
After freeze-drying, the charcoal was loaded into a quartz tube topped by quartz wool (previously baked at 850°C for 8 hr) and combusted to 630°C for 2 hr. A second combustion at 1000°C followed in a CHN elemental analyser (Carlo-Erba NA, 2000) coupled to a gas source isotope ratio mass spectrometer (Sercon 20/20), enabling online measurement of carbon elemental ratios and stable isotopes. CO 2 gas was collected and reduced with H 2 to produce graphite (Dee and Bronk Ramsey, 2000) prior to measurement by accelerator mass spectrometry. The conventional ages are listed in Table S3 (in years before Table S1 . 
